Abstract: The paper is aimed at describing the innovative possibility of the thermal treatment of selected types of waste using plasma reactor as a new progressive and promising technology. Attention is also given to energy recovery of mixed synthesis gas by combustion engines.
Introduction
The idea of gasification of a low-grade primary fuel, such as e.g. brown coal, existed and was examined decades ago. Gasification of waste products becomes increasingly important, especially now.
The gasification process can be described as a series of thermo -chemical sequences, in which there is a simultaneous conversion of the raw material of highcarbon to gaseous products. The conversion itself, of the pure carbon monoxide (using air as the oxidizing agent), is characterized by the relationship of the partial carbon oxidation (1) and (2) . 
By mixing oxygen and water vapor there is also, except for the partial oxidation reaction of the carbon, a reaction of the vapor-carbon [3] ( ) 3 
Providing the thermal equilibrium, the decomposition reaction takes place according to the equation (6) , allowing for a gasification of a mixture of oxygen and water vapor (the combination of equations (2) and (4) + + = + Gas mixture produced in this way would be ideally made up of 66 % CO and 34 % H2 [1, 2] .
By a gasification of a real fuel (coal, petroleum products, waste) the produced gas mixture contains (other than carbon monoxide and hydrogen, which are dominant characteristics in the composition), also other substances such CO2, CH4, CnHm, N2, H2O, O2 and the like. Nitrogen that forms the ballast while reducing the heating value of the resulting gas mixture could be derived simply from the raw material (from the primary or secondary source of fuel) entering the gasification process, or from an external source. This depends on the used technology. The presence of organic ingredients CO2, O2, and H2O in the gas mixture are indicatives of imperfections predicted from the sequences of chemical reactions 1 to 6. Methane and higher hydrocarbons are released from the fuel in the decomposition of high-molecular chains. The gasification process is therefore more complex than in the case of plain carbon gasification at ideal conditions. The overall number of chemicalthermal sequences at the conversion process of the fuel into gas products is extensive.
Depending on boundary conditions of the gasification process as well as on the construction of the reactor, it is possible that some of the higher hydrocarbons are, due to imperfections in the undergoing chemical reactions, rapidly released from the fuel. Those hydrocarbons are represented in the resulting mixture in low concentrations.
Description of the gasifier
A key element of the gasifier (Plasma reactor) that uses the gasification processes and the melting of the waste in order to obtain a synthesis gas (Fig. 1) is a plasma arc torch with a dependent arc. The torch generates a plasma arc discharge between a hollow graphite electrode and graphite crucibles, forming the bottom of the plasma reactor. The hollow graphite electrode (placed in the holder) is supplied by a flexible copper cable. The vertical movement of the electrode is ensured by programmed actuator through a sliding mechanism. The supply of plasma gas (usually an inert nitrogen or argon) into the arc discharge is provided through the opening located in the center of the cathode. The anode consists of a graphite crucible; the power supply is provided by three graphite and steel bars. Their cooling is ensured by the air cooler, located under the body of the reactor, or through a free cooling [4] . By approaching the refractory electrodes to the distance that is sufficient to create an electrical arcing the electric current begins to flow between them. The electrical resistance between the electrodes rapidly heats the area near the touchelectrode, resulting in electrons being emitted from the cathode surface. In the axis of the negative electrode there is a concentrically milled hole intended to feed the gaseous medium (N2, Ar or the like.) into the arc discharge. The flow of electrons released from the cathode and from the gaseous media closes the electric circuit between the electrodes, whereby the gas in the electrode is further heated. The ion shower on the cathode, the release of electrons and their flow towards the anode as well as the ongoing collision between the ions and the neutral gas particles causes the excitement of particles. After reaching sufficiently high energy levels, dissociation and weak gas ionization occurs. The maintenance of the process of generating weakly ionized plasma is ensured through a constant updating of electricity into discharge. By interrupting the direct current power supply a recombination of the ionized particles occurs and the discharge quickly extinguishes.
The organic portion of the processed charge (brown coal, coal sludge, RDF, municipal waste), relative to the presence of oxygen in waste or to the sub-stoichiometric amount of the oxidizing agent in the reaction chamber, is oxidized in the reactor as a result of the influence of high temperatures into gaseous products (H2, CO, CO2, CH4, and so on). The inorganic portion of the waste, depending on the temperature in the reaction chamber, is transferred into liquid phase and it is concentrated on the bottom of the reactor as a liquid slag or an alloy (in case the batch from waste contains metal oxides that reduce under the given boundary conditions) [7] . The tapping of these by-products of the plasma processing of the charge is provided via a tap-hole that is located close to bottom of the reactor [1, 3] .
Experimental gasification and energy recovery of synthesis gas
By the gasification of fuel (waste with high carbon content) in an inert (nitrogen, argon) or Experiments related to the waste gasification processes listed in Tab. 1 underwent a change in an inert and slightly oxidizing atmosphere. Grain size of the waste was adjusted to less than 5 mm. The exception was the brown coal waste that was loaded into the reaction chamber of the plasma reactor with a size of approximately 10 mm. The temperature in the reaction chamber of the plasma reactor during the gasification process was maintained at an approximately constant level for each experiment. The temperature ranged between 1350 -1450°C [1] .
Syngas or synthesis gas produced during the gasification process contained the inert and combustible components with a proportional ratio specified in Tab. 1 and has properties suitable for further usage e.g. production of heat and electricity [5, 6, 8] . The gasification experiments of various kinds of waste were conducted in order to obtain information on the composition and quality of the gas as a by-product of a thermal waste treatment. Based on this information, it was possible to artificially prepare such a gas mixture that would, in regards to their composition and quality, correspond with a gas actually arising in the process of the waste disposal.
Due to lack of information associated with the direct use of synthesis gas generated in this manner in combustion plants, while carrying out experiments intended at energy use of synthesis gas, an artificially prepared gas mixture was considered. During the experiment, the mixture was stored inside a pressure vessel. An artificially pre-mixed blend of synthesis gas contained four most dominant gases (CH4, CO, H2, and N2) represented in real samples taken from the synthesis gas in a plasma gasification of RDF and municipal waste. Similarly, the mixture met the technological and safety requirements applicable to the storage of explosive gas mixtures in pressure vessels. The percentage ratio of components in the finished synthesis gas mixture corresponds to a value of 4 wt. % H2, 40 wt. % CO, 5 wt. % CH4 and 10 wt. % N2.
In an attempt to evaluate the energy recovery of synthesis gas the combustion engine was used. The engine in the experiments was a fourcylinder SI engine of Opel Ascona 1.6. Its technical specifications are: working volume of 1584 cm 3 , 85 mm bore, 69.8 mm stroke, power 55 kW at 5000 rpm·min -1 , compression ratio of 8.8:1, number of two valves per cylinder (2), original fuel: 95 octane gasoline.
The original system, which served to prepare the fuel mixture for spark ignition engines from easily vaporizable liquid fuels, was modified into a system enabling a burning of gaseous fuel blends (a gaseous fuel mixer was installed). Mechanical performance of the four-cylinder petrol combustion engine to an asynchronous generator (TGL 11856/01, type KHR 132 M4) is transmitted through the shaft. The asynchronous generator mainly used for cogeneration units with a low power (up to 100 kW), works in parallel with a parent power system.
The assembly of the internal combustion engine and the energy recovery of the artificially prepared gas mixture (SG) correspond to the simplified During the combustion of the specified gas mixture in a given combustor, the production of CO in the flue gas has been monitored. Assessment of the oxygen and carbon monoxide proportion, as well as the flue gas temperature and ambient temperature measuring (Tok) was ensured by the Testo 330. At the same time, the average consumption of natural gas used with the synthesis gas mixture was determined using gas flow meters. We limited the value when mixing the gaseous fuel In order to maintain the proportion of hydrogen in a gas mixture below 16% (safety limit for the faultless operation of the petrol engineestablished by the operator).
After the process optimization of the natural gas combustion (regulation of combustion air and fuel intake), a dosage of synthesis gas into supplied natural gas was introduced (Fig. 2) into the convertor. During the experiment the changes in the gas consumption, voltage and current values at the generator clamps and the flue gas temperature (Ts) were monitored, as well as the O2 values, and the CO content in the flue gas. Values of the average natural and synthesis gas consumption are shown in Tab. 3, along with the data defined by means of the flue gas analyzer. The course of changes in performance of the power generator is shown in Fig. 3. 
Result and discussion
By mixing 4.8 l·min -1 of synthesis gas with 84.4 l·min -1 of natural gas, an increase of CO emissions in the exhaust gas occurred (Tab. 3, column 1). By varying the natural gas flow to 83.4 l·min -1 , along with an additional controlled supply of combustion air, the CO emissions were stabilized at a value close to 655 ppm (Tab. 3). Following this intervention the position of valves regulating the natural gas flow and combustion air, remained unchanged until the end of the experiment.
In the subsequent phases of the measurement, the ratio of the synthesis gas mixture supplying the gaseous fuel entering the combustion engine increased, resulting in a reduction of the CO emissions in the flue gas. The CO emission limit in exhaust gases at stationary gas engines is established by law no. 706/2002 L.C. to the value of 650 mg·m -3 . Other emissions found in flue gas are NOx emissions; the emission limit for 1 m 3 of flue gas is 250 mg. For engines using the natural gas this value, in most cases, is attainable. Providing there is a larger production of NOx emissions, the reduction can be achieved by a suitable alteration of the engine settings; for example by reducing the advanced ignition or by a fuel mixture enleanment. The combustion process of the fuel gas mixture containing a high amount of inert gas has for the object to achieve a quality combustion process with the air excess n >> 1. In this case certain construction design measures are required, typically consisting of an optimization of the combustion space and the ignition system located in the cylinder.
By dosing 4.8 l and 9.2 l of synthesis gas per minute into natural gas of 78-83.4 l·min -1 we achieved the performance of the electric generator with no significant changes. At the given flow rates, the volume of methane in the fuel mixture is above 89% and compared to the generator performance at the cogeneration unit operation using natural gas, a drop in performance power generator of 0.02 kW is recorded, ie to 8.62 kW (a value valid for both synthesis gas flows). A more significant drop in performance occurred while the flow of synthesis gas increased to 17.5 l·min -1 . In this phase of the experiment, the average value of the generator performance was estimated at 8.2 kW. By increasing the ratio of synthesis gas in the fuel mixture, the combustion engine performance was further reduced. The poorer mixture of gaseous fuel at a flow rate of 25.1 l·min -1 caused a loss in performance which averaged to 7.8 kW. For the flow of synthesis gas in an amount of 33.5 l·min -1 the average generator performance was measured to 7.2 kW. At the given performance, the ratio of methane in the fuel represented about 63% of the entire volume. The dependence of the efficiency of the electric power generation on the synthesis gas flow is shown in Fig. 4 . Based on the calculated values of the efficiency of the electric power generation, valid for the described experiment of the synthesis gas energy recovery, and the dependency of the efficiency of the electricity generation on the SG flow, it could be concluded that the performance rises with a steadily growing ratio of synthesis gas in the fuel gas mixture. This trend is visible until the dosing reaches an amount of 25.1 l·min -1 of synthesis gas. By a further increase in the SP flow, the efficiency reaches a break point and decreases by almost 0.5%. This decrease is likely due to the deterioration of the combustion process in the cylinder, as supported by the data measured with a flue gas analyzer (Tab. 3).
Conclusions valid for the accomplished experiment could be defined as follows: By blending the purified synthesis gas to the supplied natural gas before entering the combustion engine, there is a real possibility of the energy recovery from the syngas produced in the gasification process. Gasification of the waste with a high proportion of the organic fraction also brings, besides the hygienic disposal and waste reduction, the benefit in the form of energy recovery of otherwise unused waste that usually ends up on the black or controlled landfills, Dosage of synthesis gas into natural gas before entering the combustion engine yielded a reduction of CO in the exhaust gas by 30-40%. By burning a mixture of synthesis gas and natural gas in cogeneration units, with a fully automated dosing control of the combustion air, fuel and the emerging emissions, an operation of environmentally friendly power generation could be presumed. It is necessary to validate this argument, for a pilot system of the waste plasma gasification in which a purified synthesis gas will be recovered in the cogeneration system, In the combustion of the gaseous fuel mixture, which corresponds to the values indicated in the Tab. 2, no operational problems were recorded. A reduced resistance to the knocking in the cylinder (misfiring) was not observed even at the volume fraction of hydrogen in the fuel at 17.63 vol. %.
Conclusions
Production of a gaseous mixture, with majority of hydrogen and carbon monoxide, is a potential source of energy available for national economy and represents a quality input for the chemical industry. Hydrogen, which constitutes a significant percentage of the gas mixture generated during the high-temperature gasification, is considered to be the most viable alternative to fossil fuel and does not contribute to the greenhouse effect.
The first tests in the gasification reactor confirmed the possibility of a waste gasification using the plasma technology from technological point of view; however, only further experiments and tests will confirm the economic justification of this technology. In the experiment, the set values of the synthesis gas production are rather indicative. Their precise determination requires an extensive research process in a pilot scheme involving the reactor. The results of the research on the energy recovery using the syngas combustion petrol engine reveal the real possibility of the electrical energy production from the mechanical power which is produced by the chemical energy in the combustion process. Adding the synthesis gas into the natural gas resulted in the reduction of the CO emissions produced during the combustion of the gas mixture as well as in the improvement of the efficiency of fuel energy use.
